High precision, high yield, and high density self-assembly of nanoparticles into arrays is essential for nanophotonics. Spatial deviations as small as a few nanometers can alter the properties of near-field coupled optical nanostructures. Several studies have reported assemblies of few nanoparticle structures with controlled spacing using DNA nanostructures with variable yield. Here, we report multi-tether design strategies and attachment yields for homo-and hetero-nanoparticle arrays templated by DNA origami nanotubes. Nanoparticle attachment yield via DNA hybridization is comparable with streptavidin-biotin binding. Independent of the number of binding sites, >97% site-occupation was achieved with four tethers and 99.2% site-occupation is theoretically possible with five tethers. The interparticle distance was within 2 nm of all design specifications and the nanoparticle spatial deviations decreased with interparticle spacing. Modified geometric, binomial, and trinomial distributions indicate that site-bridging, steric hindrance, and electrostatic repulsion were not dominant barriers to selfassembly and both tethers and binding sites were statistically independent at high particle densities.
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Introduction
High precision, high yield, and high density self-assembly of nanoparticles into arrays is essential for understanding and exploiting function-property relationships in organic and inorganic materials. For example, macromolecular docking of protein-protein, protein-nucleic acid, and antibody-antigen complexes are proximally defined.
1,2 In addition, plasmonic and coherent energy transport between nanoparticles is proximally confined. [3] [4] [5] [6] [7] [8] Independent of the material system being investigated, deviations from the optimal position have detrimental effects on function and performance. For example, near-field coupling between metal nanoparticles is distance dependent. 9, 10 In addition, when metal nanoparticles are organized into optical beam-splitters, a change of interparticle spacing affects the power splitting ratio. 11 To realize near-field, sub-diffraction, optoelectronics, self-assembly of metallic arrays and heterostructures containing gold nanoparticles (AuNPs) and quantum dots (QDs) is required. DNA nanotechnology also necessitates both high precision and high yield to become practical for scalable nano-manufacturing.
Towards this goal, the probability of site-occupation by nanoparticles, and the spatial deviation of attached nanoparticles are extensively studied on DNA templates using modified geometric, binomial, and trinomial distributions at elevated packing densities.
DNA Nanotechnology -Assembly of nanomaterials into discrete arrays is made possible by structural DNA nanotechnology. By implementing simple design rules, [12] [13] [14] DNA can be programmed into complex nanostructures using tiled motifs, 15, 16 origami, 17 bricks, 18, 19 or a combination thereof. Here, we present a viable directed self-assembly fabrication route using DNA nanostructures to extend beyond the fabrication limits of lithography. 46 and/or number of single-stranded DNA conjugates on the nanoparticles.
Functionalization

47,48
Challenges -A common challenge in DNA nanotechnology is that the nanoparticle attachment probability decreases with increasing component density. 32 were not dominant self-assembly barriers -even at elevated packing densities. In addition, both tethers and binding sites were statistically independent at high particle densities.
Binding Site Design -To explore binding energy versus the probability of AuNP attachment in the absence of site-bridging, steric hindrance, and electrostatic repulsion, three nanoparticle arrays with 43 nm periodicities were designed. Sequence-level designs for the DNA nanostructures are provided in Support Information S1. For each design, sequence dependent binding probabilities were evaluated using α (5'-ACCAGTGCTCCTACG-3') or β (5'-TCTCTACCGCCTACG-3') tethers generated by inhouse software for creating random sequences with minimal secondary structures. 51 As illustrated in Figure 1 designs achieved >97% average probability of site occupationequivalent to or better than previous studies with lower nanoparticle densities. 34, 52 In addition, the binding performance of the α and β binding sites were statistically equivalent, and thus the binding energy was sequence independent.
When alternating between α and β binding sites, the probability of AuNP site occupation for the 2X18 α/β nanostructure was 12% greater than the 2X14 α nanostructure, even though the theoretical nearest- (Table   1 ). Experimental periodicities for the 9 α and 14 α nanostructures were used to calculate the modified geometric distribution in Equation 6
by fitting the nearest-neighbor AuNP separation histograms ( Figure   6 ). The nearest-neighbor AuNP separation is defined as the distance between the center of a AuNP to the center of an adjacent nanoparticle, whereas the interparticle distance is the gap between two nanoparticles. In comparison, the AuNP spatial deviation, σ, is the standard deviation of the nearest-neighbor AuNP separationwhich ranged between 4.4 nm to 8.68 nm and did not correlate to the number of tethers per binding site even though it decreased as the interparticle distance decreased. Neglecting capillary effects during drying, the degree of freedom of AuNPs is largely influenced by the nanostructure periodicity and not the binding site design. 
Experimental
Gold Nanoparticles -For all experiments, the AuNPs were 10 nm in diameter and were conjugated with 5' thiolated DNA strands with a 5-thymine spacer. The hydrodynamic diameter of the DNA conjugated AuNPs was estimated to be 27 nm in buffer. 53 In comparison, the hydrodynamic diameter of the streptavidin conjugated quantum dots was ~20 nm according to the manufacturer specification; which was validated in a prior study. Functionalization -For all designs, AuNPs were site-specifically attached to DNA nanostructures using established methods. In the binomial analysis, the average probability of AuNP siteoccupation, p exp , between a AuNP and its binding site was approximated by:
This sum was restricted to cases where the number of nanoparticles attached did not exceed the number of binding sites because AFM and TEM cannot resolve the occupancy of a particular site. This restriction provides an estimate of the average probability of AuNP site-occupation given a very low probability of having two or more particles bound to one site -an assumption that was validated by fitting parameters to the data using the trinomial distribution in Equation 3 , as discussed in the next paragraph. In the absence of site-bridging, steric hinderance, electrostatic repulsion, and multiple occupancy, the average probability of AuNP site-occupation is expected to follow a binominal distribution, P bi (m), given by:
where n is the number of available binding sites, m is the number of AuNPs attached per nanostructure, and p exp is the average probability of AuNP site-occupation. In order to calculate the AuNP spatial deviation, over 100 center-to-center nearest-neighbor AuNP distances were measured via AFM, processed using WSxM™ 54 and analyzed using Origin™ (Support Information S10).
Analogous to the binomial distribution, the trinomial distribution, indexed by j (Support Information S11). Briefly, the trinomial distribution in formulated in terms of p fit , the fitted probability of AuNP site-occupation, and c, the conditional probability that only one nanoparticle is bound to a site given that it is occupied, yielding the following trinomial distribution, P tri (m):
This equation was fit to the occupancy data shown in Figure 4 with p fit and c as free parameters determined by the best fit to the data.
The experimentally derived, p exp , and the fit parameter, p fit , are in close agreement. As further validation of the values obtained for p fit and c, the expected average site-occupancy was in close agreement to the observed average site-occupancy (Support Information S11).
The probability of site-occupation for an individual tether per binding site, p 1 , was then calculated from the average probability of AuNP site occupation p exp , for binding site designs with t tethers, and was given by:
Independent of the number of binding sites (i.e. 9 α and 14 α ), the number of tethers per binding site (i.e. 1X9 α and 4X9 α ), or the sequence of binding sites (i.e. 9 α and 9 β ), p 1 was assumed to be identical for all design strategies, which was validated in Figure 5 .
The theoretical probability of site-occupancy, p th , was then calculated from the average p 1 from all AuNP designs p ave , given by:
Nearest-neighbor AuNP separations were then normalized by the experimental periodicity of DNA nanostructures with α-tethers to account for the change in periodicity due to the change in structure length. Experimental periodicities were calculated by multiplying the theoretical periodicity by the ratio between the experimental and theoretical nanostructure lengths (Support Information S12).
Distributions were then fit to a modified geometric distribution for nanostructures with α-tethers, given by:
where k is the integer number of periods between nearest neighbors,
x is the distance along the axis of a nanostructure divided by the experimental periodicity, σ is the spatial deviation, and p exp is the average probability of AuNP site-occupation (Support Information S13 
Conclusion
High precision, high yield, and high density self-assembly of nano- that increasing the number of biotin tethers for QD binding sites would also increase their binding probability.
